ABSTRACT
Neovascularization is critical for supporting the rapid growth of solid tumors (1) . Tumor angiogenesis appears to be achieved by the expression of angiogenic agents within solid tumors that stimulate host vascular endothelial cell mitogenesis and possibly chemotaxis. One such protein, vascular endothelial growth factor (VEGF) or vascular permeability factor (reviewed in refs. [2] [3] [4] , is a selective endothelial cell mitogen and angiogenic agent that is induced by several growth factors and cytokines, elevated expression of either the ras (5, 6) , raf (7) , src (8) or mutant P53 (9) oncogenes and hypoxia (10) (11) (12) characteristic of rapidly growing solid tumors. VEGF can also be derived from immune cells that infiltrate tumors (13) . In addition, expression of the VEGF endothelial cell receptors FLT-1 and KDR/FLK-1 are induced either directly (14) or indirectly (15) by hypoxia. Increased serum VEGF is found in cancer patients (16, 17) and elevated VEGF levels are reported to be a prognostic clinical factor correlated with decreased survival in breast (18) , ovarian, (19) , lung (20) , gastric (21) , and colon (22) cancer patients.
Given the potential role of VEGF in promoting tumor angiogenesis, growth, and metastasis, it is an attractive target for therapeutic intervention. This hypothesis is supported by animal experiments in which anti-VEGF monoclonal antibodies are shown to inhibit the growth of implanted tumors (23) and metastatic spread (24) (25) (26) . Furthermore, either monoclonal antibodies (27) or suppression of VEGF expression (28) results in regression of established tumors. Inhibition of tumor implantation and growth is also achieved by expression of VEGF antisense (29, 30) and of artificially truncated VEGF KDR receptors (31) . Although these approaches contribute to the validation of the VEGF system as an attractive therapeutic target and might represent feasible strategies for inhibiting pathological angiogenesis, they all utilize nonnative inhibitors.
The only currently known endogenously expressed selective inhibitor of VEGF is an alternatively spliced version of the FLT-1 VEGF receptor (32) . The splicing alteration results in retention of an intron within the mRNA that is translated through to the first in-frame stop codon. This alternatively spliced form of the FLT-1 protein retains the N-terminal six of seven extracellular Ig-like domains fused to the unique intronencoded 31-amino acid residue C-terminal sequence but is devoid of the membrane proximal Ig-like domain, the membrane spanning polypeptide, and the entire intracellular tyrosine kinase-containing region. The product, denoted soluble FLT-1 (sFLT-1), is a heparin-binding protein that complexes VEGF with the same high affinity and presumably equivalent specificity of the full-length membrane-spanning receptor. It is expressed by vascular endothelial cells and can inhibit their mitogenic response to VEGF in culture by directly sequestering VEGF. In addition, sFLT-1 appears to be able to inhibit the activities of VEGF in a dominant negative manner by heterodimerizing with the extracellular ligand-binding region of the membrane spanning FLT-1 (32) and KDR (33) VEGF receptors, thereby preventing receptor tyrosine transphosphorylation and activation of downstream signal transduction. Therefore, sFLT-1 is a potent and selective endogenous inhibitor of VEGF-mediated angiogenesis. The present set of studies demonstrate that enhanced expression of sFLT-1 by tumor cells in vivo inhibits solid tumor growth, impedes metastatic nodule development, and extends host survival. and the D54-MG human glioblastoma cell line was a gift from Darell Bigner (Duke University, Durham, NC). Cell lines were verified to be Mycoplasma free and maintained in DMEM/ Ham's F-12 plus 10% fetal bovine serum supplemented with 5 mM glutamine and 10 g/ml ciprofloxacin (complete medium).
Plasmids. The 2.1-kb sflt-1 cDNA, originally obtained from a human umbilical vein endothelial cell cDNA library (32) , was ligated into the BamHI site of the eukaryotic expression vector pcDNA3 (Invitrogen) generating the plasmid psflt-1. The presence and proper orientation of the sflt-1 cDNA were verified by DNA sequencing and restriction analysis. An additional plasmid expressing higher levels of sFLT-1 was constructed by inserting the human cytomegalovirus (HCMV) intron A between the HCMV early promoter and sflt-1 cDNA (pCIsflt-1). A HCMV promoter-driven ␤-galactosidase cDNA reporter in a pUC 19 plasmid (pLacZ) was used to confirm gene transfer.
Gene Transfections. For adenovirus-polylysine complex transfection (34, 35) , supercoiled plasmid DNA was purified endotoxin-free using the Qiagen megaprep columns (Chatsworth, CA). Adenovirus-polylysine conjugates were prepared by linkage of replication-defective adenovirus to poly-L-lysine as described (35) and diluted to a concentration of 1 ϫ 10 11 viral particles/ml. Conjugate DNA complexes were then formed by the sequential addition to 100 l of adenoviruspolylysine, 6 g of psflt-1, pcDNA3, or pLacZ plasmid DNA diluted in 200 l of 20 mM Hepes/150 mM NaCl (pH 7.3), followed by 4 g of poly-L-lysine diluted in 200 l of the same Hepes/NaCl solution. Conjugate-DNA complex containing 2 g of plasmid DNA was incubated for 6 hr at 37°C with HT-1080 cells in 1 ml of medium containing 2% fetal bovine serum, after which 1 ml of complete medium was added to the cells. Greater than 95% transfection efficiency was verified by 5-bromo-4-chloro-3-indolyl-␤-D-galactoside staining of pLacZ-transfected cells.
Northern Blot Analysis. Total RNA from HT-1080 cell lines was isolated by standard procedures with RNAgents total RNA isolation system (Promega) and 10 g was separated on a 1.2% agarose/formaldehyde gel and transferred to a Hybond-Nϩ membrane (Amersham). The 634-bp probe, generated from the HindIII-BamHI restriction fragment (bp 1661-2294) of sflt-1, was labeled (36) and hybridized overnight at 42°C with 0.52 ϫ 10 5 cpm/ml of hybridization solution (6ϫ SSC, 5ϫ Denhardt's solution, 100 g/ml sheared, denatured salmon sperm DNA, and 50% formamide; SSC ϭ 0.15 M NaCl, 15 mM sodium citrate). A ␤-actin probe confirmed comparable RNA sample loads. The membrane was washed three times with 2ϫ SSC/0.1% SDS for 5 min at 23°C followed by three washes with 0.1ϫ SSC/0.1% SDS for 30 min at 50°C, exposed for 5 days, and bands were visualized and quantified on a PhosphorImager (Molecular Dynamics).
Western Blot Analysis. Conditioned media were generated by culturing 5 ϫ 10 6 control cells and sflt-1 stably transfected clones each in 10 ml of DMEM͞F-12͞10% fetal bovine serum for 48 hr, and 1-ml samples were mixed with 50 l of a 50% slurry of heparin-Sepharose CL-6B (Pharmacia) in PBS and incubated overnight with rocking at 4°C. Beads were harvested by centrifugation, washed three times with PBS, and eluted by boiling in 20 l of SDS/PAGE sample buffer. Eluted samples were electrophoretically separated on a 10% SDS/PAGE gel, transferred to Immobilon-P (Millipore), and analyzed by Western blotting with an antibody to the N-terminal sequence of sFLT-1 (33) . Cell Proliferation. To assess the effects of sflt-1 gene transfer on cell proliferation, 10 5 HT-1080 cells were plated 24 hr after transfection with either psflt-1 or pcDNA3 in three sets of triplicate wells. The cells were counted by trypan blue exclusion 24-, 48-, and 72-hr postplating to measure proliferation rates. A similar experiment was performed for stable clones by plating 10 4 clonal cells in triplicate wells.
HT-1080 Lung Metastasis. To assess the effect of transient transfection of psflt-1 or pcDNA3 on HT-1080 lung metastasis, HT-1080 cells were transfected with either psflt-1 or pcDNA3 (2 g DNA/well), harvested 24 hr later, and counted. Cells were washed and diluted in serum-free medium and injected via tail vein into CB-17 severe combined immunodeficient (SCID) mice. Lungs were harvested 30 days later, fixed in 10% neutral-buffered Formalin, longitudinally trisected, paraffin embedded, and three 5-7-m-thickness sections were cut at 200-m intervals from each embedded block. Tissue sections were stained with hematoxylin and eosin, examined for the presence of tumor nodules by a pathologist (G.P.S.) unaware of the treatments, and statistical significance was determined by 2 analysis. HT-1080 s.c. Tumor Growth. HT-1080 cells were transiently transfected with either psflt-1 or pcDNA3 (2 g DNA/well), harvested after 24 hr, counted, washed in serum-free medium, and injected s.c. into the flanks of athymic nude mice. For clonal experiments, HT-1080 cells were transfected with either pcDNA3 or pCIsflt-1, incubated in complete medium for 2 days, and then supplemented with 800 g/ml G418 (GIBCO). After at least five passages, cells were subcloned by limiting dilution, expanded, characterized for mitotic rate in vitro, and injected into both flanks of mice to monitor tumor growth. Tumor length and width were used to calculate volume with the formula for a prolate ellipsoid: Volume ϭ (4/3)(length/ 2)(width/2)((length ϩ width)/4). Tumor sizes are reported as mean volumes Ϯ SE and statistical differences between groups were determined using Student's t test.
D54-MG Intracranial Xenografts. D54-MG human glioma cells were adenovirus-polylysine transfected with either psflt-1 or pcDNA3 and propagated in complete medium containing 400 g/ml G418 antibiotic for 1 mo to select for stable transfectants. The selected cells were harvested, counted, and resuspended to a final concentration of 10 7 cells/100 l in serum-free DMEM/F-12 containing 5% methylcellulose to enhance cell viability. A midline scalp incision was made in CB-17 SCID mice, a 0.5-mm diameter burr hole was drilled 1.5-2.0 mm to the right of the midline and 0.5-1.0 mm posterior to the coronal suture, and cells (5 ϫ 10 5 /5 l) were stereotactically injected to a depth of 2.5 mm. Mice were monitored twice daily and the statistical significance of differences in survival times among groups was determined using a Kaplan-Meier survival analysis log rank (Mantel-Cox) test.
RESULTS
Human sflt-1 cDNA was cloned into the HCMV-driven mammalian expression vector pcDNA3 generating the plasmid psflt-1. Transcription/translation analysis confirmed the expression of the sflt-1 gene product from the psflt-1 plasmid (not shown). HT-1080 cells were first transiently transfected with either psflt-1 or pcDNA3 using the high efficiency adenovirus-polylysine system (34, 35) . Cell proliferation rates of the sflt-1 and control transient transfectants in culture were indistinguishable, with equal division times of 48 hr demonstrating that expression of the sflt-1 gene did not alter replication rates.
To determine the effect of sFLT-1 expression on tumor cell implantation and growth, immunodeficient nude mice were injected via tail vein with 8 ϫ 10 5 HT-1080 cells transiently transfected with either psflt-1 or pcDNA3. The lungs of animals sacrificed 30 days later were histologically examined 8796
Medical Sciences: Goldman et al. Proc. Natl. Acad. Sci. USA 95 (1998) for the presence of tumor nodules. As shown in Fig. 1 , seven of nine of the animals injected with pcDNA3-transfected HT-1080 cells developed intrapulmonary tumor nodules identified as clusters of Ն6 cells. In contrast, only one of nine animals injected with HT-1080 cells transiently transfected with psflt-1 developed demonstrable pulmonary nodules (P Ͻ 0.02), indicating that even transient expression of sFLT-1 significantly inhibited the implantation and growth of HT-1080 lung metastasis. The growth of transiently transfected HT-1080 cells was also examined following s.c. injection into immunodeficient mice. As seen in Fig. 2, s 
To determine the effect of persistent high sFLT-1 expression on tumor growth, HT-1080 cells were stably transfected with sflt-1 plasmid (pCIsflt-1) incorporating the HCMV intron A, which has been observed to enhance gene expression by Ϸ10-100-fold (A.J.B., R.L.K., W.R.H., R. C. McFall, and K.A.T., unpublished observations), 3Ј of the promoter. These stable transfectants were cloned and individual colonies were characterized for transgene mRNA and protein expression. As shown by the Northern blotting (Fig. 3A) , control HT-1080 cells did not express sflt-1 mRNA whereas clones C4 and B3 expressed moderate and 20-fold higher sflt-1 mRNA levels, respectively, as quantified by PhosphorImager analysis. Western blotting of media conditioned by these cells showed a similar pattern of sFLT-1 protein expression (Fig. 3B) . As expected, previously observed complexes corresponding to VEGF crosslinked to either one or two molecules of sFLT-1 (32) were detected within conditioned media of the B3 high expresser clone by SDS/PAGE gel analysis. These complexes were not detected in media from either control cells or the lower expressing C4 clone in which they were presumably below the threshold of detection (Fig. 3C) .
Microscopically, these cell lines were indistinguishable and, as demonstrated in Fig. 4A , had similar growth rates in vitro. These three cell lines were expanded in tissue culture and 3 ϫ 10 6 cells of each line were injected into the two flanks of six nude mice (12 nodules/clone). As shown in Fig. 4B , the pcDNA3 nodules grew rapidly compared with the clones transfected with the pCIsflt-1 plasmid. On day 19 (Fig. 4C,  top) , it was necessary to sacrifice the animals injected with pcDNA3 stably transfected HT-1080 control cells because the tumors were large (2.04 Ϯ 0.48 cm 3 ) and beginning to ulcerate. In contrast, clone C4 cells which expressed sFLT-1 grew as significantly (P Ͻ 0.001) smaller tumors (Fig. 4C, middle) of 0.278 Ϯ 0.011 cm 3 ( Fig. 4B) . The B3 tumors, expressing greater amounts of sFLT-1, were even smaller (Fig. 4C, bottom In a second independent tumor model, 5 ϫ 10 5 human D54-MG glioma cells that were either not transfected or stably transfected with either control or psflt-1 plasmid were stereotactically implanted into the brains of SCID mice to establish the effect of sFLT-1 on mortality rate. D54-MG cells, which are known to produce detectable levels of VEGF (37, 38) , grow as brain tumors, leading to death with reproducible kinetics (39) . As depicted in Fig. 5 , animals injected with either untransfected or pcDNA3-transfected D54-MG cells had median survival times of 24 and 23 days, respectively. In contrast, animals injected with D54-MG expressing sFLT-1 lived almost twice as long with a median survival of 46 days (P Ͻ 0.003).
DISCUSSION
Specific fragments of proteins can function as selective inhibitors inasmuch as they are able to antagonistically compete with the functions of their full-length counterparts. In addition to sFLT-1, fragments of several growth factor and cytokine receptors, made by either proteolysis or alternative splicing, and receptor fragment homologues encoded by viruses have been shown to function as specific inhibitors (summarized in ref. 32 ). Fragments of plasminogen and collagen XVIII, denoted angiostatin (40) and endostatin (41) , respectively, also have been demonstrated to inhibit vascular endothelial cell proliferation, angiogenesis, and tumor growth albeit by as yet undefined molecular mechanisms. The molecular targets of sFLT-1 tumor inhibition are the ligands that bind the FLT-1 receptor including VEGF and receptors that can dimerize with sFLT-1 including full-length FLT-1 (32) and KDR (33) .
Vascular endothelial cells make both sflt-1 mRNA (32) and the corresponding sFLT-1 protein (33). Recombinant sFLT-1 is a soluble heparin-binding protein that binds VEGF with high affinity (K d ϭ 20 pM) and a specificity presumably comparable to that of FLT-1. Therefore, sFLT-1 can selectively sequester VEGF much like an antibody but, unlike an antibody, it can also inhibit endothelial cell mitogenesis at concentrations that are substoichiometric to VEGF consistent with a dominant negative inhibition of receptor activation. sFLT-1 can homodimerize, indicating that it can also form dimers with full-length FLT-1 through the equivalent extracellular domains. To date, however, FLT-1 has not been shown to mediate a mitogenic signal in vascular endothelial cells whereas the homologous VEGF receptor KDR is mitogenically competent (reviewed in ref. 3) . Recently, we showed that sFLT-1 can heterodimerize with the corresponding extracellular region of KDR (33) , thus it should also be able to form heterodimers with full-length KDR.
Growth factor tyrosine kinase receptors appear to function by ligand-mediated dimerization which promotes tyrosine transphosphorylation of the two adjacent intracellular kinase domains generating signal transduction protein docking sites. The efficient inhibition of VEGF by sFLT-1 is compatible with a dominant negative mechanism in which the soluble receptor dimerizes with full-length VEGF receptors preventing receptor tyrosine transphosphorylation, phosphotyrosine-dependent binding of signal transduction proteins, and downstream functional activation. The solubility of sFLT-1 allows it to function in a paracrine manner on vascular endothelial cell receptors while its binding to heparin in vitro is probably indicative of a similar interaction with cell surface heparan proteoglycans which could partition sFLT-1 to the vicinity of plasma membrane-spanning VEGF receptors promoting their dimerization.
Previous studies demonstrate that interference of VEGFmediated angiogenesis with either anti-VEGF antibodies (24) (25) (26) or antisense (29) is sufficient to inhibit metastasis. We now show that in addition to inhibiting VEGF-induced vascular endothelial cell mitogenesis in culture, targeted transient expression of sFLT-1 efficiently inhibits the metastatic implantation and growth of circulating HT-1080 tumor cells. Perhaps sFLT-1 might either inhibit the extravasation of tumor cells by effects on the microvasculature or decrease the survival of implanted cells and the growth of small avascular nodules independent of neovascularization by restricting their access to blood-borne survival factors and growth stimulants through diminished local microvascular permeability.
Both the duration and magnitude of sFLT-1 expression contribute to its inhibition of the growth of primary HT-1080 s.c. tumors. Although transient transfection of HT-1080 cells temporarily inhibits tumor growth in vivo, a substantially longer duration of inhibition is achieved with stable transfection. Furthermore, in an ongoing experiment, tumors grew to the point of ulceration in mice implanted with either control HT-1080 cells or the C4 clone expressing sFLT-1 within 3 wk and 2 mo, respectively, whereas even after 6 mo tumors have not yet grown in half of the animals receiving the B3 clone expressing high levels of sFLT-1.
Intracranial injections of human glioblastoma cells provide a second independent test of the effect of sFLT-1 stable expression. Although brain tumor size could not be readily measured as a function of time, host survival was monitored. Mice receiving cells stably expressing sFLT-1 but not clonally selected for high expression survived approximately twice as long as those receiving either untransfected parental cells or these cells stably transfected with a control plasmid. Therefore, sFLT-1 cannot only inhibit tumor growth and metastatic implantation but also increase host survival. The mechanism of escape from sFLT-1 inhibition is not yet established. One possibility is that tumor cells are eventually selected that express either diminished sFLT-1 or increased VEGF. These mechanisms are consistent with a longer duration of inhibition of tumor growth by the stably transfected clone expressing high levels of sFLT-1 compared with the parallel clone expressing lower levels. However, in our initial attempts to characterize cells cultured from three independent HT-1080 tumors that eventually arose from implanted sflt-1-stable transfectants, we have not seen a consistent alteration in the expression of either sflt-1 or VEGF mRNA. In cells cultured from one of these tumors we found a 3-fold increase in the sflt-1 mRNA coupled with an 8-fold decrease in sFLT-1 protein, possibly implicating increased proteolytic degradation. Alternatively, tumor cells could arise that express other angiogenic factors that are not inhibited by sFLT-1 but this mechanism would not explain the correlation between the increased level of sFLT-1 expression and the longer duration of tumor growth inhibition.
Although the full spectrum of FLT-1 functions may not yet be known, FLT-1 knockout mice exhibit altered vascular integrity (42) . In addition to mediating chemotactic responses of monocytes and perhaps endothelial cells in vitro (43) , FLT-1 might modulate endothelial cell mitogenesis either by functioning as a decoy for the mitogenically competent KDR receptor or by forming mitogenically functional receptor heterodimers with it. Unlike a VEGF-specific antibody, the intrinsic ability of sFLT-1 to bind placenta growth factor (44) indicates that it could inhibit the function of not only VEGF/ placenta growth factor heterodimers but also placenta growth factor homodimers (45) . In principle, sFLT-1 could also be expected to inhibit any other hetero-or homodimeric VEGF homologues that contain FLT-1-binding subunits. Whatever the potential advantages or disadvantages of these other types of inhibition might be, the evolutionary selection of endogenous sFLT-1 expression indicates that it could be a physiologically normal and therapeutically attractive means of inhibiting angiogenesis.
As demonstrated by the sflt-1 transfection results, efficient inhibition of tumor angiogenesis probably requires the continuous presence of an antagonist. One strategy to achieve this goal is to deliver repeatedly either small molecule or macromolecular-specific inhibitors of VEGF receptor activity. Alternatively, sflt-1 gene therapy could be a viable therapeutic approach if continuously expressed in a controlled fashion from stable vectors delivered in vivo. We are currently generating and evaluating the efficacy of persistent viral and cellular vectors stably expressing sFLT-1.
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